Some commercial nuclear power plants have been permanently shut down to date and decommissioned using dismantling methods. Other operating plants have decided to undergo an upgrade process that includes replacement of reactor internals. In both cases, there is a need to perform a segmentation of the reactor vessel internals with proven methods for long term waste disposal. Westinghouse has developed several concepts to dismantle reactor internals based on safe and reliable techniques, including plasma arc cutting (PAC), abrasive waterjet cutting (AWJC), metal disintegration machining (MDM), or mechanical cutting. Mechanical cutting has been used by Westinghouse since 1999 for both Pressurized Water Reactors (PWR's) and Boiling Water Reactors (BWR's) and its process has been continuously improved over the years. The complexity of the work requires well designed and reliable tools. Different band saws, disc saws, tube cutters and shearing tools have been developed to cut the reactor internals. All of those equipments are hydraulically driven which is very suitable for submerged applications. Westinghouse experience in mechanical cutting has demonstrated that it is an excellent technique for segmentation of internals. In summary, the purpose of this paper will be to provide an overview of the Westinghouse mechanical segmentation process, based on actual experience from the work that has been completed to date.
INTRODUCTION
Some commercial nuclear power plants have been permanently shut down to date and decommissioned using dismantling methods. Other operating plants have decided to undergo an upgrade process that includes replacement of reactor internals. In both cases, there is a need to perform a segmentation of the reactor vessel internals with proven methods for long term waste disposal. Westinghouse has developed several concepts to dismantle reactor internals based on safe and reliable techniques, including plasma arc cutting (PAC), abrasive waterjet cutting (AWJC), metal disintegration machining (MDM), or mechanical cutting. Mechanical cutting has been used by Westinghouse since 1999 for both Pressurized Water Reactors (PWR's) and Boiling Water Reactors (BWR's) and its process has been continuously improved over the years. The complexity of the work requires well designed and reliable tools. Different band saws, disc saws, tube cutters and shearing tools have been developed to cut the reactor internals. All of those equipments are hydraulically driven which is very suitable for submerged applications. Westinghouse experience in mechanical cutting has demonstrated that it is an excellent technique for segmentation of internals.
In summary, the purpose of this paper will be to provide an overview of the Westinghouse mechanical segmentation process, based on actual experience from the work that has been completed to date.
OVERVIEW
Some commercial nuclear power plants have been permanently shut down to date and decommissioned using dismantling methods. Other operating plants have decided to undergo an upgrade process that includes replacement of reactor internals. In both cases, there is a need to perform a segmentation of the reactor vessel internals with proven methods for long term waste disposal.
For more than twenty five years, Westinghouse has developed several concepts to dismantle reactor internals based on safe and reliable techniques, including Plasma Arc Cutting (PAC), Abrasive Waterjet Cutting (AWJC), Metal Disintegration Machining (MDM), or Mechanical Cutting. The choice of each technique depends on project specific constraints like vessel layout, environment, waste volume or schedule requirements. Reactor internals segmentation and packaging process, including planning, methodology, equipment, waste management, and pac-kaging strategy, are important for a successful project. Based on this continuous experience in segmenting components of a similar nature and material toughness, the most appropriate cutting method can be determined for meeting the project technical and economical constraints, e.g. schedule, available area for site work, safety aspects or disposal costs. Detailed planning is essential to a successful project, and typically a "Segmentation and Packaging Plan" is prepared to document the effort. These sections describes the sequential steps required to segment, separate, and package each individual component, based on an activation analysis and component characterization study.
The usual method is to start at the end of the process, by evaluating handling of the containers, the waste disposal requirements, what type and size of containers are available for the different disposal options, and working backwards to select a cutting method and finally the cut geometry required. Originally, these plans used 2-D sketches in a "storyboard" array, but more recent efforts have utilized advanced 3-D CAD software to model the process. These models can include intelligent data such weight, center of gravity, curie content, etc, for each segmented piece, which is very useful when comparing various cutting, handling and packaging options. Another area where the modeling has proven invaluable is in determining the logistics of component placement and movement in the reactor cavity, which is typically very congested when all the internals are out of the reactor vessel in various stages of segmentation.
The main objective of the segmentation and packaging plan is to determine the strategy for separating the highly activated components (called "Greater than Class C, GTCC" in the US) from the less activated material (called "Class A, B, C" in the US) so that they can be disposed of in the most cost effective manner. In the US, GTCC cannot be shipped off-site, so it must be packaged such that it can be dry stored with the spent fuel in an Independent Spent Fuel Storage Installation (ISFSI). Class C or less can be shipped to an off-site disposal site depending on space availability. Several of the plants dismantled to date have repackaged the Class C or less waste back into the reactor vessel and shipped the entire assembly to the disposal site. Decisions like these can be driven by many factors such as disposal costs, transportation logistics, licensing fees, etc., but will have a significant impact on the segmentation and packaging plan so must be considered early in the planning phase.
Once the preliminary packaging plan is developed, the primary cutting methodology can be determined. Previous projects have used Plasma Arc Cutting (PAC), Abrasive Waterjet Cutting (AWJC), or mechanical cutting as the primary cutting method with varying degrees of success. In addition to the primary cutting processes, other specialty processes can be used including metal disintegration machining (MDM) and hydraulic shearing, which have been used extensively for specific applications for which the primary process was not as well suited.
All cutting processes typically generate varying degrees of secondary waste. This waste must also be properly controlled, collected and packaged for disposal. The methodology and equipment for this effort is specific to the cutting process.
Another key element of the segmentation and packaging plan is the material handling plan. Many of the pieces that will be cut and packaged need to be rigged and manipulated to get them into their respective disposal container. Since many of these pieces could potentially produce a lethal dose of radiation if they were inadvertently raised out of the water, safeguards must be in place to prevent any possibility of this occurring. Another risk is if one of the cut pieces were dropped, damage to the reactor cavity liner or other critical equipment could result. Detailed procedures and specialized rigging equipment have been developed to provide these safeguards.
Before going to site, testing and qualification are performed on full scale mock-ups in a specially designed pool for segmentation purposes (see figure 1) .
Figure 1 Westinghouse cutting test facility in Vasteras, Sweden
The Westinghouse site work includes preparation, segmentation and handling of the reactor vessel internals in accordance with the procedures and cutting plan, packing of the cut pieces in containers according to the packing and waste disposal plans, handling of the containers and finally restoration of the pool environment to its initial condition.
The following sections illustrate each cutting method with a representative project completed to date.
SEGMENTATION EXPERIENCE
Westinghouse has used a variety of cutting methods for segmentation of reactor internals and other large components. So, it is valuable to examine the learning curve that they have gone through excecuting several projects on nuclear reactors.
PLASMA ARC CUTTING
Plasma arc cutting is a process that severs metal by melting a localized area with the heat of a constricted arc and removes the molten material with a high velocity jet of hot, ionized gas issuing from the orifice. The plasma arc-cutting torch uses a complex nozzle assembly to constrict a column of ionized gas into plasma stream capable of carrying a electrical current of 1000 amperes. Because of the intense heat generated, the nozzle is water-cooled to maximize cutting life. To initiate main arc transfer to the workpiece, a high frequency starter arc circuit is used. A ceramic nozzle cover is provided to prevent dead shorting when working in close quarters. For underwater use, the gas hoses and power cables are hermetically sealed into the back of the torch.
Westinghouse used PAC at Yankee Rowe as the primary process to segment all of the reactor internals. Yankee Rowe was a PWR located in Rowe, Massachusetts, USA. The greater than class C (GTCC) materials were separated from the Class C or less material. The GTCC was packaged with the spent fuel and the Class C or less material was shipped to a disposal site. Some debris control issues were encountered on the project, particularly while cutting the GTCC materials. The exhaust gases from the plasma torch created an uplifting effect on the suspended cutting debris, raising them to the surface of the refueling cavity. Not only did this make the debris more difficult to collect, but the shielding effect of the cavity water was lost for the highly activated debris floating on or near the surface. This raised the background dose for the containment building and impacted all work. The project was eventually successful after adequate gas collection devices and water filtration was put in place.
ABRASIVE WATER JET CUTTING
The abrasive water jet process utilizes an ultra-high pressure intensifier pump that pressurizes water up to 55,000 psi. The AWJC nozzle uses a single sapphire orifice that focuses a high-energy stream of water through the center of a mixing chamber. Abrasive particles are pulled into the mixing chamber and entrained into the waterjet stream where the particles are accelerated to very high velocities. This supersonic slurry is directed through the exit nozzle situated at a small standoff height from the work piece.
Westinghouse used the AWJC process at SONGS 1 located in San Onofre, California, USA. Since the refueling cavity had limited space, it was important to plan carefully in order to optimize the available room. Installation of equipment in the cavity to support segmentation and handling operations had to be limited. Abrasive water jet cutting leaves a very narrow kerf (less than one millimeter in width), allowing a minimum of activated metal to be released during the cutting operation. The omnidirectional cutting ability makes AWJC extremely versatile for segmentation of complex geometries and limited-access cut locations.
At SONGS 1, Westinghouse addressed this issue by installing a five-axis gantry-style robot manipulator on the existing refueling bridge rails. The manipulator has a telescoping mast that delivers various end effectors into the refueling pool to perform the cutting. This design frees up valuable space in the refueling cavity, leaving room for components, waste containers and necessary support devices. In addition, because the majority of the manipulator system was kept external to the refueling pool, Westinghouse was able to minimize equipment contamination and simplify routine maintenance, repair and eventual equipment removal.
Using lessons learned of a previous project, large investments were made in process, control, debris control, separate water filtration system, equipment redesign, integrated system testing and personnel training. The project was completed very successfully from a technical standpoint, with every problem encountered earlier eliminated or mitigated. However, this process led to high cost for process control and disposal of highly irradiated secondary waste
MECHANICAL CUTTING
Mechanical cutting methods cover techniques like sawing, milling or shearing. Sawing may be used to produce slots or grooves or to separate the workpiece into two pieces. Two common sawing methods are band sawing and circular sawing. Band sawing uses a continuous flat blade that rides around a set of coplanar pulleys, one of which is driven by motor. The driven pulley drives the blade through contact friction between the pulley and the blade. The other pulley(s) are idler pulleys that provide tension in the blade. A flat section of blade is usually supported by hardened slotted guides. This area contacts the workpiece and is where the cutting takes place. The blade is made from special tool steel and has multiple teeth on one edge that repeat in a pattern over the entire length. The size, shape and tooth pattern are available in a variety of combinations for different workpiece materials and applications. The pulleys, blade and drive motor are all mounted to a rigid frame that provides a feed mechanism to move the cutting assembly into the workpiece as material is removed by the sawing action. Common feed mechanisms include hinge pivot, single column or double column devices with gravity, hydraulic, or screw feed drives. Circular sawing uses a disc of steel with saw teeth located about its periphery, which is clamped in arbor passing through the blade center. The arbor and blade is revolved by a spindle motor. This assembly is mounted to a rigid frame. As the blade rotates, it is also fed into the workpiece by a mechanism that provides motion at a continuous feedrate (see Figure 3) .
Shearing is a useful cutting method for stainless steel in limited shapes and sizes. A mechanical shear cuts metal by creating a plastic strain in the material by squeezing it between two or more close fitting hardened steel blades with sharp edges. The blades are typically attached to opposing jaws that can be clamped together with extremely high force. A hydraulic cylinder or screw mechanism is used to provide the clamping force. Shears can be either frame mounted or portable, deliverable by long handle poles or cables.
Westinghouse performed a large segmentation project in 2010-2013 at the José Cabrera nuclear power plant in Spain. The contract scope covered the dismantling and segmentation of the RV internals and operational waste, including the upfront engineering studies. It also included some necessary plant modifications, the supply of equipments and the loading of the primary and secondary waste, respectively, into Multi-Purpose Canisters (MPCs) for the highest activated material and into dedicated containers for low-and intermediate-level waste (LILW).
Some special tooling and cutting processes had to be developed for some components. As an example, the upper core barrel was segmented using a band saw on a center pillar. The segmentation strategy was to perform a number of vertical cuts, drill a hole at the end of one cut, turn the blade 90 degrees, cut a 360 degree horizontal cut and removing the pieces that comes lose one by one. Figure 4 illustrates the cutting principle and Figure 5 shows the site work. 
Conclusion
Westinghouse has accumulated a combined experience with design capabilities and project execution skills necessary to successfully perform dismantling of reactor vessel internals, regardless of the reactor type and various plant conditions. This experience is still on going on projects in Europe and USA.
Based on the today's experience, it appears that the pros and cons moving forward in reactor internals segmentation projects are as follows:
 PAC results in dose issues related to debris control and water clarity problems. However, it is the fastest cutting method.  AWJC requires costly specialized water filtration and safeguard systems. Loss of debris control is a very high risk for this process. It provides very accurate cutting in narrow locations.  Mechanical cutting provides benefits in terms of secondary waste volume and water clarity.
